The complement system is activated in a wide spectrum of CNS diseases and is suggested to play a role in degenerative phenomena such as elimination of synaptic terminals. Still, little is known of mechanisms regulating complement activation in the CNS. Loss of synaptic terminals in the spinal cord after an experimental nerve injury is increased in the inbred DA strain compared with the PVG strain and is associated with expression of the upstream complement components C1q and C3, in the absence of membrane attack complex activation and neutrophil infiltration. To further dissect pathways regulating complement expression, we performed genome-wide expression profiling and linkage analysis in a large F 2 (DA 3 PVG) intercross, which identified quantitative trait loci regulating expression of C1qa, C1qb, C3, and C9. Unlike C1qa, C1qb, and C9, which all displayed distinct coregulation with different cis-regulated C-type lectins, C3 was regulated in a coexpression network immediately downstream of butyrylcholinesterase. Butyrylcholinesterase hydrolyses acetylcholine, which exerts immunoregulatory effects partly through TNF-a pathways. Accordingly, increased C3, but not C1q, expression was demonstrated in rat and mouse glia following TNF-a stimulation, which was abrogated in a dose-dependent manner by acetylcholine. These findings demonstrate new pathways regulating CNS complement expression using unbiased mapping in an experimental in vivo system. A direct link between cholinergic activity and complement activation is supported by in vitro experiments. The identification of distinct pathways subjected to regulation by naturally occurring genetic variability is of relevance for the understanding of disease mechanisms in neurologic conditions characterized by neuronal injury and complement activation.
T he complement system has important and diverse immune functions and is involved in aspects of both health preservation and disease development (1, 2) . The system consists of a large number of proteins that together form an intricate biological network regulated at many levels, where many of the components have both signaling and direct effector functions (3) . Classically, the complement system is counted as a part of the innate immune system, but in various ways it also acts as a bridge between innate and adaptive immune responses (4) (5) (6) .
In its final step, activation of the complement cascade leads to the assembly of complement subunits C5b-9 to form the membrane attack complex (MAC), which disrupts cell membrane integrity, leading to lysis of the targeted cell. However, there are multiple steps before the formation of the MAC and many of the cleaved complement products are themselves biologically active in functions such as chemotaxis and cell signaling (4) . The .60 constituents of the system provide basis for flexibility, but also for complex regulation, and in many settings the initial part of the cascade can be partially activated without formation of the MAC (2, 7) .
Complement activation has also been demonstrated in a wide range of CNS diseases, including acute conditions such as trauma (8) and stroke (9) , as well as in states of chronic neurodegeneration (10) (11) (12) (13) . However, despite the well-established role of complement in CNS pathology, there is still limited knowledge of how complement activation is regulated in the CNS. In a previous transcriptional profiling study in the inbred rat strains Dark Agouti (DA) and Piebald Virol Glaxo (PVG), expression of both C1q and C3 displayed injury-and strain-dependent regulation after ventral root avulsion (VRA), a reproducible model of proximal nerve injury, and was associated with the extent of axotomy-induced nerve cell loss (14) . Additionally, C1qb expression correlated with nerve cell loss in an advanced intercross line, providing a genetic link between local expression of complement molecules and axotomy-induced neurodegeneration (14) .
Genotyping
Genomic DNA was extracted from rat tail tips as previously described (17) . Polymorphic microsatellite markers were selected from the Rat Genome Database (http://rgd.mcw.edu) and the Ensembl database (http://www. ensembl.org). The F 2 intercross was genotyped with 113 microsatellite markers evenly distributed across the genome, with an average distance of 20 cM based on previous knowledge of optimum spacing (18) . The successful genotyping rate was 95.3%. Both fluorescent and radioactive genotyping methods were used. Fluorophore-conjugated primers were purchased from Applied Biosystems (Carlsbad, CA) or Eurofins MWG Operon (Ebersberg, Germany). PCR amplifications were performed using a standard protocol, and PCR products were separated using an electrophoresis capillary sequencer (ABI3730) and analyzed with GeneMapper v3.7 software (Applied Biosystems). Radioactive PCR amplification was performed as previously described (19) with [g- 33 P]ATP end-labeled forward primers (Proligo, now part of Sigma-Aldrich, St. Louis, MO). The PCR products were size-fractionated on 6% polyacrylamide gels and visualized by autoradiography. All genotypes were evaluated manually by two independent observers.
RT-PCR
RNA preparation from spinal cord tissue and RT-PCR was performed according to a standard protocol. Spinal cord samples were dissociated in Lysing Matrix D tubes (MP Biomedicals, Irvine, CA) on a FastPrep homogenizer (MP Biomedicals, Solon, OH) and resuspended in RLT buffer (Qiagen, Hilden, Germany) for total RNA preparation. Cells were lysed directly in RLT buffer. Total RNA was extracted, purified, and on the column DNase I treated using an RNeasy Mini kit (Qiagen) and RNase-free DNase set (Qiagen), according to the manufacturer's protocols. RNA from the L3 segments was further processed for cDNA preparation by reverse transcription with 10 ml total RNA using iScript (Bio-Rad, Hercules, CA), and RNA from the L4 segments was taken for array hybridization, as described below. All steps were performed under RNAse-free conditions. Real-time PCR was conducted using a three-step PCR protocol using iQ5 or Bio-Rad CFX 384 SYBR Green optical system software (Bio-Rad). All primers and probes were designed with Beacon Designer 5.0 software (Bio-Rad) and tested for specificity by running the amplified product on gels with silver staining. Two housekeeping genes (hypoxanthine-guanine phosphoribosyltransferase and GAPDH) were used to normalize the levels of mRNA expression of the studied transcripts, and normalized expression levels were calculated with the iQ5 or CFX 384 software (Bio-Rad). We chose to use C1qb as a marker for C1q expression because it was represented on the RG-U34A chips used in our previous microarray study and shown to correlate with nerve cell loss in an advanced intercross line (14) . The C1q molecule is an oligomer formed by six C1qa, six C1qb, and six C1qc molecules (20) . Two different primer pairs were used to confirm expression of the gene orthologous to human transcription factor FOXK2 (gene ID ENSR-NOG00000039894, http://www.ensembl.org). See Table I for primer sequences.
Immunohistochemistry
Spinal cord sections were serially cut (14 mm) on a cryostat (Leica Microsystems, Wetzlar, Germany) at the level of L4 segment, or L3 segment in the case of the paraformaldehyde-perfused animals used for synaptophysin, C3, and BChE stainings. Brain sections were cut at a distance of 1800 mm around the epicenter of the injury. Sections were thawed onto Superfrost Plus microscope slides (Menzel-Gläser, Braunschweig, Germany) and stored at 220˚C until further processing for immunohistochemistry or in situ hybridization. Sections were postfixed in 4% formaldehyde and 0.4% picric acid in 0.16 M phosphate buffer (pH 7.2) for 
Immunohistochemical imaging and quantification of synaptophysin immunoreactivity
Sections processed for immunohistochemistry were examined in a Zeiss LSM 5 Pascal confocal laser scanning microscope (Carl Zeiss, Göttingen, Germany) or a Leica DM RBE microscope system (Leica). Semiquantitative measurements of synaptophysin immunoreactivity were carried out in ImageJ (National Institutes of Health, Bethesda, MD) on confocal images. The immunoreactivity in the ventral horn of the spinal cord was compared with the corresponding contralateral area in the same spinal cord section. The images were taken in the optical plane with the maximal immunoreactivity, and all settings for compared images were identical. At least four spinal cord sections from each animal were measured and the mean ipsilateral/contralateral signal ratio for each animal was used for statistical analysis.
In situ hybridization
Unfixed tissue sections were prepared as described above. Forty-eight-mer anti-sense oligonucleotides were synthesized (CyberGene, Huddinge, Sweden) and in situ hybridization was performed as previously described (22) . Briefly, the probes were labeled at the 39 end with deoxyadenosinea-triphosphate [ 33 P] and hybridized to the sections without pretreatment for 16-18 h at 42˚C. The hybridization mixture contained 50% formamide, 43 SSC, 13 Denhardt's solution, 1% sarcosyl (N-lauroylsarcosine; Sigma-Aldrich), 0.02 M phosphate buffer, 10% dextran sulfate (Pharmacia), 250 mg/ml yeast tRNA (Sigma-Aldrich), 500 mg/ml sheared and heat-denaturated salmon sperm DNA (Sigma-Aldrich), and 200 mM DTT (LKB, Bromma, Sweden). Following hybridization, the sections were washed several times in 13 SSC at 55˚C, dehydrated in ethanol, and dipped in NTB2 nuclear track emulsion (Kodak, Rochester, NY). After 3 wk, the slides were developed in D-19 developer (Kodak), counterstained with toluidine blue, and coverslipped. The sections were examined in a Leica DM RBE microscope equipped with a dark field condenser. Images were captured with a Nikon CoolPix 990 camera (Nikon, Tokyo, Japan). The sequences of the probes were checked in a GenBank database search to exclude significant homology with other genes. The C3 probe is the antisense sequence corresponding to nucleotides 3301-3348 of the human C3 gene (23) and for CD59 two probes with the 59-TTCCGGATACAGCAA-CAAGACAAGCATCCAGGTTAGGAGAGCAAGTGC-39 and 59-CGCTG-TCTTCCCCAATAGGGAGATTGCCCCATTGTTTGGCTTGTCTTC-39 were used.
Amplification of RNA and array hybridization
The microarray analysis was performed at the Bioinformatics and Expression Analysis Core Facility of the Karolinska Institutet using Affymetrix rat gene 1.0 ST array chips (Affymetrix, Santa Clara, CA). Array hybridization and labeling was performed according to a standardized protocol as previously described (24) .
eQTL and enrichment analysis
The microarray data are available in a Minimal Information about a Microarray Experiment-compliant format at the ArrayExpress Database (http://www.ebi.ac.uk/arrayexpress) under accession code E-MTAB-303. Microarray gene expression data were normalized using the robust multiarray average algorithm (25) , implemented in the Bioconductor package "oligo". Briefly, raw expression intensities were background corrected, quantile normalized, log 2 transformed, and summarized on probe set level.
On the rat gene ST 1.0 array, genes are represented by multiple probe sets. Affymetrix assigns these probe sets to transcript clusters. We have used average expression values of all probe sets annotated to a transcript cluster to measure expression on the level of a gene based on annotation from Bioconductor package "pd.ragene.1.0.st.v1".
Subsequently, we mapped eQTL for all transcript clusters using the QTL Reaper software (26) against the 113 genomic markers. To assess genomewide significance of eQTL we performed 10 6 permutations; a p value ,0.01 at the genome-wide level was considered significant. We classified eQTL into cis-or trans-acting according to the distance between the locations of genetic marker and the affected transcript. When the distance was ,20 megabases (Mb), we assumed cis regulation; otherwise, we assumed trans regulation. The identified clusters were analyzed for enrichment of specific pathways and expression patterns using the Biocondutor package GOstats (27) . To enable identification of strongly connected hub genes in eQTL gene expression networks, we applied a graphical Gaussian model. For each cluster of trans-regulated transcripts, we constructed gene expression networks as previously described reporting significant edges with a false discovery rate of ,0.1 (28) .
Analysis of transcription factor binding site enrichment
To quantify the effect of differential regulation of the FOXK2 ortholog (Ensembl Gene ID ENSRNOG00000039894) on its targets, we searched for trans-eQTL co-occurring at the peak marker of the transcription factor (TF) eQTL as recently described by Heinig et al. (29) . In brief, we predicted TF binding affinities to the proximal promoters of all protein coding genes using a biophysical (30) and statistical (31) model based on binding site preferences of FoxK2 in the form of position weight matrices (V$FOX_Q2) from the TRANSFAC database (http://biobase-international. com). Putative promoter sequences of 200 bp length were extracted using annotation from Ensembl 56. Two-hundred bp was chosen as distance, as this has been demonstrated to be optimal for the detection of enrichment, allowing for the identification of most promoter sequences without giving rise to large amounts of genetic noise (32) . The comparison is performed using a hypergeometric test for the overlap of the eQTL genes with predicted FoxK2 targets. Eight-hundred fourteen out of a total of 21,459 genes have a V$Fox_Q2 motif with p , 0.05. The D8rat56 locus has a total of 48 eQTL transcripts with p , 0.01; 4 of them have a V$Fox_Q2 TF binding site (TFBS). In a hypergeometric test this leads to p = 0.034. The V$Fox_Q2 does not refer to the gene symbol but the name of the TRANSFAC matrix. The Q2 suffix is used to distinguish different versions of the same matrix, which is general for the Fox family of TFs and, therefore, also the FOXK2 ortholog in the D8Rat56 locus.
Astrocyte and microglia cultures
Primary rat astrocytes and microglia were isolated from adult brains of 10-wk-old DA and PVG rats perfused via the ascending aorta with ice-cold PBS containing heparin (LEO Pharma, Malmö, Sweden) (10 IU/ml). After removing the meninges and the cerebellum, half a brain was used and homogenized in enzymatic solution (116 mM NaCl, 5.4 mM KCl, 26 mM NaHCO 3 , 1 mM NaH 2 PO 4 , 1.5 mM CaCl 2 , 1 mM MgSO 4 , 0.5 mM EDTA, 25 mM glucose, 1 mM cysteine, and 20 U/ml papain, all from SigmaAldrich) using a microscissor. The homogenate was incubated for 60 min with gentle stirring at 37˚C, 5% CO 2 . Next, the digested brain was transferred to a 50-ml conical tube with stopping of the enzymatic reaction by adding HBSS (Invitrogen, Stockholm, Sweden) with 10% FCS. Next, the homogenate was spun down at 200 3 g for 7 min. The pellet was resuspended in 2 ml 0.5 mg/ml DNaseI (Roche, Bromma, Sweden) in HBSS, then filtered through a 40-mm strainer (Becton Dickinson, Stockholm, Sweden) and transferred to 20 ml 20% stock isotonic Percoll (Sigma-Aldrich) in HBSS. Another 20 ml pure HBSS was carefully added on top to create a Percoll gradient, and the samples were then gently centrifuged at 1000 3 g for 30 min. Thirty milliliters of the cell-containing solution beneath the top layer containing the myelin debris was collected and spun down. The resulting pellet was washed once in HBSS and the cells were resuspended in DMEM/F12 complete medium supplemented with 10% heat-inactivated FCS, penicillin-streptomycin (100 U/ml, 100mg/ml), 2 mM L-glutamine (all reagents from Life Technologies, Paisley, U.K.), and 20% M-CSF-conditioned L929 cell line supernatant and plated in 75-cc tissue flasks (Sarstedt, Nümbrecht, Germany) coated with poly-L-lysine (Sigma) and incubated at 37˚C and 5% CO 2 in a humidified incubator. Medium was changed twice weekly until the cells became confluent (∼14 d). When full confluence of the cell layer was reached, the mixed glial cells were harvested using prewarmed trypsin (Life Technologies, Grand Island, NY).
To separate microglia and astrocytes from each other in the mixed glial cell culture, magnetic separation was used according to the manufacturer's instructions. In brief, the mixed cell suspension was centrifuged at 300 3 g for 10 min. The cell pellet was resuspended in MACS buffer (Miltenyi Biotec, Bergisch Gladbach, Germany) and stained with PE-conjugated mouse anti-rat CD11b (BD Biosciences, Uppsala, Sweden) for 10 min. Then, the cells were washed and resuspended in MACS buffer followed by with autoMACS magnetic separation using anti-PE MicroBeads (Miltenyi Biotec). The resulting microglia (CD11 + cells) and rest of the cells (astrocytes) were seeded in 24-well plates (4 3 10 5 cells/well and 2 3 10 5 cells/well, respectively). The cells (microglia and astrocytes) were then left unstimulated (only DMEM/F12 complete medium, supplemented with 10% heat-inactivated FCS, penicillin-treptomycin 100 U/ml, 100 mg/ml), or stimulated with recombinant rat TNF-a (R&D Systems, Minneapolis, MN) at a concentration of 20 ng/ml (in the same medium) for 24 h, after which the cells were lysed for RNA extraction and subsequent RT-PCR expressional analysis. Astrocyte purity was checked with flow cytometry performed using a Gallios flow cytometer (Beckman Coulter, Brea, CA) with Gallios software and analyzed using Kaluza v.1.0 (both Beckman Coulter) using an FITC-labeled mouse anti-rat glial fibrillary acidic protein Ab (BD Pharmingen, Franklin Lakes, NJ). The purity was .92% in all separate experiments (data not shown). The purity of the astrocyte and microglia cultures was further assessed with RT-PCR, demonstrating very low levels of glial fibrillary acidic protein expression in the microglia cultures and barely detectable levels of Mrf-1 in the astrocyte cultures (Supplemental Fig. 1) .
The TNF-a stimulations were also repeated on a mixed glia population to avoid one series of manipulation of the cells by separating astrocytes from microglia, and also to provide a more physiological environment and to exclude significant interference between the two cell types. In this case the cells were plated as a mixed population before the separation step, and then either left unstimulated (medium with 10% FCS only) or with TNF-a (20 ng/ml). The proportions of astrocytes and microglia in the mixed glia culture were 84 and 16%, respectively (Supplemental Fig. 1 ).
For the primary mouse astrocyte cultures, whole brains from five 10-wkold C57BL/6 male mice were taken after PBS perfusion and removal of the meninges and the cerebellum. The protocol was identical to the rat protocol, except that the mixed glial cell population from each brain was cultured in separate culture flasks to ensure that no contamination would arise before pooling the cells. Separation of astrocytes from microglia was then performed using MicroBeads attached to an anti-mouse CD11b Ab (Miltenyi Biotec), and the astrocytes were kept, pooled, and seeded onto 24-well plates (2 3 10 5 cells/well). The astrocytes were then left unstimulated (medium only) or they were stimulated with recombinant mouse TNF-a (R&D Systems) at a concentration of 20 ng/ml or with TNF-a (20 ng/ml) together with 1 M/0.1 M/0.01 M or 0.001 M ACh chloride (Sigma-Aldrich), respectively, in medium for 24 h, after which the cells were lysed for RNA extraction and subsequent RT-PCR expression analysis. For the mouse cultures the same medium, with 10% FCS, was used as for the rats during the culture phase, but when the cells were seeded and stimulated the pH of the medium was lowered to 7.1 to increase the stability of ACh.
The concentrations used of ACh were high, because ACh is rapidly degraded by the cholinesterases acetylcholinesterase (AChE) and BChE, of which especially BChE is abundant in FCS (33) . Therefore, to evaluate ACh at lower concentrations new astrocytes from adult DA rats (10 wk of age) were extracted as above and the experiments were repeated using the same medium and concentration of TNF-a (20ng/ml), in combination with 10 mM/10 mM or 1 mM ACh and 0.6 mM of the cholinesterase inhibitor eserine hemisulfate (E8625, Sigma-Aldrich; dose adopted from Ref. 34 and from personal experience [T.D.-S.]), to completely quench the activities of BChE and AChE. This increases stability of ACh, thereby allowing the usage of lower ACh concentrations. We also attempted to grow the cells without FCS, but with markedly reduced viability. Therefore, cells were initially grown with FCS, but with the stimulation steps performed without FCS. However, also here cell viability was too low to allow for reliable results.
Analysis of C3 protein levels
Primary astrocyte and microglia cultures were established from three DA rats as described above. A pilot experiment indicated that C3 levels would be low, and therefore a 48-h stimulation protocol was used. After plating, the cells were left unstimulated (medium only) or they were stimulated with 20 ng/ml TNF-a or TNF-a together with 1 M/0.1 M/0.01 M or 0.001M ACh chloride in medium using 500 ml/well instead of 1 ml. After 24 h an additional 500 ml of the same type of medium was added to the respective well, and after another 24 h the cells were processed for RT-PCR and the supernatants collected for protein quantification. Quantification of C3 protein levels in the undiluted cell supernatants was performed using a rat C3 ELISA kit (GenWay Biotech, San Diego, CA) according to the manufacturer's instructions. The lowest concentration of the standard was 12.5 ng/ml and was in the linear range of detection. All samples were analyzed in duplicate, with a maximum variability between duplicates of ,10% even at the lowest concentrations. Additionally, the experiment was repeated to confirm the reliability of the results, with a similar outcome.
Statistical analysis
The software program R 2.6.0 was used for statistical analyses and graphs depicting eQTL localization using the package qtl1.14-2. For all other analyses significance levels were calculated using an unpaired t test, except for the in vitro data, where one-way ANOVA was used, with Bonferroni post hoc comparisons, all performed using the GraphPad Prism 5.0 (GraphPad Software, San Diego, CA). In general, p , 0.05 was considered statistically significant, except for in the microarray analysis, where p , 0.01 was used with permutation analyses (described above).
Results

Characterization of complement kinetics, localization, and effects following CNS injury
We have previously demonstrated substantial differences in neuronal survival and complement expression in the spinal cords from the inbred rat strains DA and PVG following VRA (14, 24, 35) . A more detailed characterization of the expression of the key complement components C1q and C3 was here performed in DA and PVG rats following VRA, which demonstrated both a genetic and temporal component governing expression. Peak expression of C1q occurred at 3 d and C3 at 7 d after injury, whereas C1q expression was higher in the DA strain only at 5 d, and C3 expression was higher in the DA strain at most studied time points (Fig. 1A, 1B) . In situ hybridization for C3 at 5 d after VRA displayed a diffuse signal pattern in the ventral horn, which did not permit localization of expression to discrete cell populations, but was indicative of glial expression, but not motor neurons (Fig. 1C-I ).
Downstream activation of the complement cascade leads to chemotactic signals for immune cells and formation of the MAC (1, 3, 4). As a positive control for activation of the entire complement cascade, we examined the response in a controlled-contusion TBI model, which is well established to induce complement activation (8, 36, 37) . Presence of neutrophils, as shown by MPO immunolabeling, was evident after TBI but not VRA (Fig. 2C-F) . Similarly, MAC immunopositive neurons were present in the vicinity of the TBI lesion, but not in the ventral horn after VRA (Fig. 2G, 2H) .
Lastly, expression of CD59, a potent complement inhibitor, was examined after VRA, showing stable or downregulated levels after injury, without clear strain differences (Supplemental Fig. 2A ). In situ hybridization of CD59, as opposed to C3, clearly localized CD59 expression to motor neurons (Supplemental Fig. 2C-F) .
Thus, increased expression of upstream complement components in VRA did not occur in the context of MAC activation or neutrophil infiltration. However, because both C1q and C3 are implicated in the removal of synapses (38), we assessed synaptic density 5 d after VRA. Synaptophysin-immunoreactive cell elements were quantified in the ventral horn demonstrating decreased labeling intensity in DA rats compared with PVG rats, suggesting a greater and more rapid loss of synapses (Fig. 3A-F) . Furthermore, increased C3 immunoreactivity in the lesioned ventral horn was evident in very close proximity to axotomized motor neurons (Fig. 3G-I ). This suggests that increased local complement expression following VRA is associated with increased synapse elimination, but not neutrophil infiltration or MAC activation.
Dissection of genetic pathways regulating complement expression
The finding of genetically governed differences in local complement expression motivated an effort to identify underlying genes and/or pathways. This can be done by QTL mapping in an F 2 intercross, created by systematically crossing the strains (15, 39) . Additionally, the combination of trait linkage analysis with mapping of eQTL using powerful global expressional profiling techniques has proven useful for gene positioning (40) .
Consequently, an F 2 (DA 3 PVG) intercross was bred, and global expression profiling of spinal cords from 144 F 2 animals 5 d after VRA was performed. Five days was chosen, as the kinetic studies identified this as a time point with intense complement activation. The F 2 intercross was genotyped throughout the genome with microsatellite markers revealing a total of 3418 eQTL at a p , 0.01 for genome-wide significance level, with 776 regulated in cis and the remaining in trans.
Most complement components, such as C1r and C1s as well as C2, C5, C7, C8b, C8g, and the complement regulatory proteins CD59, CD46, CD55, factor H, and clusterin, did not display linkage with p , 0.01 to any of the genomic markers.
In contrast, the expression of C1qa, C1qb, C3, and C9 all displayed regulation from distinct gene regions. The genes encoding C1qa and C1qb are localized next to each other, adjacent to the C1qc gene, on rat chromosome 5 at ∼155.6 Mb. Expression of C1qa, along with a cluster of 47 other genes, was regulated in trans from D4Got130 (p , 0.01) (Fig. 4A, 4B ) on rat chromosome 4 (166.1 Mb). Several of the other transcripts regulated from this marker are also related to innate immune function, such as CLEC domain family 4 member A isoform 3 (Clec4a3, also known as Dcir3), Clec4a2 (also known as Dcir2), and three different killer cell lectin-like receptors (KLRs; Klra2, Klrc1 and Klrk1), all of which were regulated in cis (Table II) . Expression of C1qa was higher in animals with DA alleles at D4Got130, whereas the CLEC transcripts were higher in animals carrying PVG alleles. The D4Got130-regulated gene cluster was highly significantly enriched for carbohydrate binding and wound healing (p , 0.001).
C1qb was regulated in trans from the marker D4Rat25 (p , 0.01) (Fig. 4C, 4D ) located at 65.8 Mb on chromosome 4, together with 33 other genes (Table III) , including Clec2l and Clec5a, both regulated in cis (both p , 0.001). This cluster, comprising 34 genes, was enriched for sugar binding (p , 0.01). Expression of C1qb and FIGURE 1. Regulation of C1q and C3 in DA and PVG rats after ventral root avulsion. Local expression levels of C1q (A) and C3 (B) were determined with RT-PCR in the injured spinal cord of DA and PVG rats at different time points following ventral root avulsion and demonstrate strain-dependent regulation with higher levels in the DA strain. Complement expression is upregulated in both strains following injury, with peak expression of C3 occurring later than for C1q. (C-I) In situ hybridization for C3 mRNA in the ventral horn of the ipsilateral (IL) side shows higher labeling density in the IL compared with the contralateral side (C-F); the white box delineates the ventrolateral motor neuron pool. The hybridization signal is present over glial cells rather than motor neurons (C-I); the white arrows point at selected motor neurons. TB; toluidine blue, background staining. Scale bars, 40 mm.
Clec2l were higher in animals with DA alleles in D4Rat25, whereas expression of Clec5a was higher in animals with PVG alleles.
C9, the only downstream complement component with significant genomic linkage, was regulated from the marker D3Rat44 on chromosome 3 (41.4 Mb) (Fig. 5A , 5B). The cluster comprises 129 genes (Table IV) and is enriched for multiple biological processes. All genes in this cluster were regulated in trans, except for CD302 (also called Clec13A or Dcl-1) and a 6 integrin (also called VCAM-6, transcript ID 10836849). Expression of C9 was higher in animals carrying DA alleles at D3Rat44, whereas expression of CD302 was higher in animals carrying PVG alleles.
The pattern of linkage to cis-regulated CLEC gene regions was different for the key complement protein C3. Thus, C3, itself located on chromosome 9, was regulated in trans from the marker D8Rat56 (p , 0.01) (Fig. 5C, 5D ), at the beginning of chromosome 8 (8.2 Mb), with higher expression in animals carrying DA alleles at D8Rat56. Expression of C3 was co-regulated with 47 other genes, none of which belongs to the CLEC family, and many were unannotated (Table V) . This cluster differed in that it did not show any specific enrichment. However, most transcripts in the cluster were interconnected, as identified by studying pairwise correlation of expression. The constructed trans eQTL gene expression network provides information about the dependency structure between transcripts (Fig. 6) , and strongly connected hub genes can be identified and constitute candidates for being master regulators (41) . Only five of the genes in the network were physically located in the genetic region of D8Rat56. One of these five genes, F1M641_RAT, is functionally annotated as a TF (transcript ID 10908220; Ensembl gene ID ENSRNOG00000039894) orthologous to human FOXK2, and it therefore constitutes a candidate for regulating the trans-cluster. This was assessed by analyzing TFBS predictions, following the hypothesis that genetic changes of gene expression of TFs will affect the expression of their direct targets (29) . A significant enrichment of TFBS for the FOXK2 ortholog was found in the 200-bp putative promoters of four of the transregulated transcripts (p = 0.034) in the D8Rat56 cluster (see also Materials and Methods): BChE, Spdya, and two unannotated transcripts, 10718155 and 10937323. The C3 gene was not predicted as a direct target of the FOXK2 ortholog, but it was connected by way of its co-regulation with BChE expression (Fig. 6 ).
Expression of a FOXK2 ortholog and BChE after a standardized nerve injury
Expression of the FOXK2 ortholog as shown by RT-PCR demonstrates an initial upregulation at 1 d after injury, with a subsequent drop to levels below those of naive controls and with higher expression in PVG rats at 3, 7, and 14 d after injury (Fig. 7A) . As for C3, BChE was more highly expressed in the DA strain at most studied time points, and it peaked at 7 d after injury (Fig. 7B), when expression of the FOXK2 ortholog was at its lowest. BChE immunoreactivity was evident in the cytoplasm of axotomized motor neurons (Fig. 7D, 7F) . Additionally, BChE colocalized with vWF in small blood vessels (Fig. 7E) . Apart from being transregulated from D8Rat56, BChE expression was also cis-regulated from D2Rat44 (p = 5.1 3 10 25 ), with higher expression in DA allele homozygous rats.
The FOXK2 ortholog has a paralog in rat, FoxK2 (ENSR-NOG00000036663), which is a larger gene (4632 bp, 580 aa) compared with the ortholog (741 bp, 246 aa). However, the DNAbinding FOX domains spanning bp 247-344 in the FoxK2 gene and bp 202-246 in the FOXK2 ortholog show a 96% sequence homology both at the nucleotide and amino acid levels (http://blast. ncbi.nlm.nih.gov, www.ensembl.org, and University of California Santa Cruz genome browser; http://genome.ucsc.edu), suggesting that they could interact with similar TFBS. Expression of both rat FoxK2 and the ortholog was downregulated after injury in the parental strains; however, only the ortholog displayed an initial upregulation and subsequent strain difference, with higher expression in PVG animals, at later time points (Fig. 7A, 7C ). There are no available Abs for the ortholog; however, staining with a rat FoxK2 Ab shows labeling of motor neurons (Fig. 7G, 7H ).
The expression of C1q and C3 is differentially regulated in cultured glia
The C3 in situ hybridization patterns suggested a glial origin of expression. Therefore, astrocyte and microglia cell cultures from rats and astrocyte cultures from mice were established to functionally explore regulation of C3, as well as of C1q, in vitro. Because ACh is known to regulate inflammatory responses through TNF-a pathways (42, 43) and is hydrolyzed by BChE, we hypothesized that C3 might be regulated by TNF-a and ACh. Astrocyte and microglia cells from adult DA and PVG brains were stimulated with TNF-a, which resulted in a strong increase in C3 expression in both astrocytes and microglia (Fig. 8A, 8B ). In contrast, the expression of C1q was not affected by TNF-a (Fig. 8C, 8D ), corroborating the findings from the eQTL mapping demonstrating different regulatory mechanisms for C1q and C3. Notably, only astrocytes displayed strain differences in the expression of C3. TNF-a also increased the expression of C3, but not C1q, in mouse astrocytes (Fig. 8E, 8F ). Furthermore, AChattenuated TNF-a induced C3 expression in a dose-dependent manner, which provides additional support for the role of cholinergic/TNF-a pathways in the regulation of C3 (Fig. 8G) . Finally, to confirm the effect of ACh in suppressing C3 upregulation following inflammatory stimulation also at the protein level, we analyzed C3 levels in the culture supernatants and expression in cells after 48 h of stimulation of primary astrocyte and microglia cultures (Fig. 9A, 9B ). The levels of C3 protein correlated with the C3 mRNA expression levels (Fig. 9C, 9D ) in both astrocytes and microglia. Furthermore, in both astrocyte and microglia cultures there was a clear dose-response effect with abrogation of the TNF-a effect on C3 levels with increasing concentration of ACh. In astrocyte cultures the C3 protein levels were detectable only in cultures stimulated with TNF-a alone or in combination with the lowest tested ACh concentration (Fig. 9A) .
The concentrations used for these experiments were high owing to the presence of cholinesterases (ChE) in the culturing medium, released by the cells themselves or from the added FCS. Therefore, the experiments were repeated; first with astrocytes stimulated with TNF-a and lower concentrations of ACh in the presence of a cholinesterase inhibitor (eserine hemisulfate), which confirmed that ACh inhibits C3 expression after TNF-a stimulation also at lower concentrations (Fig. 10A) . Next, a mixed glial culture was stimulated with TNF-a to verify that C3 upregulation occurred also in a mixed cell culture more similar to the in vivo situation (Fig. 10B) .
Discussion
To dissect the variability in expression of complement components in the CNS occurring naturally between two inbred rat strains, we performed an extensive eQTL mapping in a large F 2 intercross. This revealed distinct gene regions regulating expression of several complement components as well as a hitherto unknown connection between C3 and the cholinergic system.
The most acknowledged effector function of the complement system is the downstream assembly of the MAC (3, 4) , which has been demonstrated after traumatic brain and spinal cord injuries (8, 44) . In the present study we could not detect signs of MAC activation or recruitment of neutrophils after VRA. In contrast, both of these were present after experimental TBI, likely due to the more drastic loss of blood-brain barrier function. Nevertheless, intrinsic CNS complement expression may contribute to neurodegenerative processes occurring after injury, as local activation of the complement components C1q and C3 has been shown to be involved in the removal of nerve terminals during development and in certain neurodegenerative models of the adult animal (38) . In the context of nerve avulsion, we have previously found a positive correlation between the local expression of C1q and loss of motor neurons (14) . In the present study we found an association with a preceding neurodegenerative phenomenon in the form of elimination of synaptic terminals at the time point when expression of C1q and C3 peaks. The upregulation of complement occurs locally, in the injured CNS, although it cannot be excluded that infiltrating cells, in particular monocytes/macrophages, may contribute. Taken together, these results support the notion that genetic heterogeneity in the regulation of the complement system may contribute to synapse elimination and removal of degenerating cells after nerve injury.
The combination of large-scale breeding and global expressional profiling used in the present study identified a novel TF from the FOX family regulating a network of transcripts including C3. Because the C3 promoter lacks a FOXK2 binding site, C3 regulation is likely to be a downstream event. Interestingly, the network analysis puts C3 downstream of BChE, a choline esterase with multiple functions in the CNS, not the least of which is degradation of ACh (45) . Expression of the FOXK2 ortholog was lowest at 7 d after injury, a time point when the expression of both BChE and C3 peak. Arguably, our experimental data suggest a chain of events that starts in axotomized neurons with a change in transcription factor activity affecting, among other things, BChE transcription. Apart from its role as a neurotransmitter, ACh also exerts effects on glial activation status and attenuates neuroinflammation by modulating TNF-a pathways (46) through nicotinergic ACh receptors (47) . Interestingly, altered BChE ac- The two cis-regulated genes in the cluster, Cd302/Clec13a and Itga6, are marked in bold type. C9 is bold type, italic, and underlined.
tivity has been associated both with Alzheimer disease (48) , where loss of synapses correlates with cognitive deterioration (49) and recently also to multiple sclerosis (50) . Previous data demonstrate that in the rat spinal cord BChE is mainly expressed in motor neurons (51) , corroborated in the present study by the finding of BChE immunoreactivity in axotomized motor neurons. Unlike many other molecules involved in synaptic transmission, the expression of BChE was increased in the ventral horn on the lesioned side and was also higher in DA compared with PVG strains both in naive and injured animals. The localization of BChE in lesioned motor neurons and C3 in close proximity to the cell surface, where synaptophysin immunoreactivity is decreased compared with uninjured cells, provides a spatial relationship between these molecules. However, many additional genetic influences acting on this pathway are probable, because, for example, the expression of BChE is also cis-regulated from its location on chromosome 2. The suggested role of BChE as a regulator of inflammatory responses is interesting, as we recently identified BChE as a potential regulator of glial activation in Alzheimer disease (52) . Recent studies underscore the importance of cholinergic signaling for regulating adaptive immune responses (43) , where TNF-a is a key mediating factor (46) . TNF-a has also been linked to a both faster and more severe disease course in Alzheimer disease (53) , as well as to modulation (54) and degradation of synapses (55) . We could in this study record a strong induction of C3 expression upon stimulation with TNF-a in astrocyte and microglia cultures. This was not the case for C1q, supporting the notion that C1q and C3 are regulated in different ways. Also, ACh suppressed the TNF-a effect on C3 both at the mRNA and protein levels, suggesting a role for cholinergic pathways in regulating complement C3 expression in the CNS, although the C3 protein levels in astrocytes were just below the described detection range and should be interpreted with some caution. Presumably, the observed actions of ACh are exerted through nicotinic a7 ACh receptors, known to be expressed on glial cells and to modulate inflammatory responses (56) , although formal proof is not provided in the present study. The levels of ACh used in the initial experiments were high, although concentrations of at least 0.35 mM ACh have been reported in the cytoplasm of individual cholinergic neurons in Aplysia (57). Extracellular levels of ACh are even more difficult to define, given the abundance, and efficiency of the cholinesterases (AChE and BChE) (58, 59) , and also the physiological variations due to neuronal activity. Extracellular basal levels are in the nanomolar range, but they can increase to the micromolar range after inhibiting ChEs (59, 60) . Also, in mutant mice partially deficient for AChE, basal extracellular levels of ACh were in the micromolar range without signs of toxicity (61) . Blocking ChE activity led to effects on C3 expression at much lower ACh concentrations, suggesting that the high concentrations of ACh used initially were necessary to avoid complete depletion of ACh by ChEs present in the medium. Lastly, FCS was needed in the cell culture experiments, and we can therefore not rule out additional influence of the FCS on complement expression in glia, although FCS was used in all conditions, that is, also in unstimulated cells. Therefore the observed increase in complement expression following TNF-a stimulation is indeed likely a TNF-a-specific effect.
The gene expression analysis puts a new TF from the FOX gene family at the center of the network regulating C3. This group of transcription factors plays important roles in many important biological processes (62) , not least in immune responses (63) , where FoxP3 has been extensively studied as a marker for regulatory T cells (64) . Fox genes are expressed in the CNS (65), and FOXK2, also known as ILF1, was first found to bind the IL-2 promoter (66), where it was shown to function as a repressor of IL-2 transcription in resting T cells (67) . The fact that the FOXK2 ortholog was downregulated from day 3 after injury, coinciding with increased expression of BChE and C3, supports its role as a suppressor of transcription. However, further studies are needed to elucidate more in detail the role of the FOXK2 ortholog and its paralog in regulation of inflammatory responses in the CNS. The transcription factor orthologous to FOXK2 is in bold type and underlined, and the genes with binding sites for the transcription factor (10718155, 10937323, Bche, and Spdya) are in bold type. C3 is in bold type, underlined, and italic.
The genetic regulation of the complement cascade is complex, because the system is composed of multiple units distributed throughout the genome. A novel finding of this study is that of a marked co-regulated expression of several of the complement components with different members of the CLEC family, which suggests an intimate relationship between these two important parts of the innate immune system. The CLECs constitute a family of proteins that similar to complement mediates a wide range of functions, including cell-cell adhesion, immune responses, and apoptosis (68, 69) . Synergistic action between CLECs and complement components is known to occur, linking innate immune activation with systemic adaptive immune responses (69, 70) . In the present study, we identify three different eQTL trans-regulating the expression of C1qa, C1qb, and C9, respectively, that all contain different cis-regulated CLECs. However, it was not possible to find any clear pairwise interconnectivity expression patterns of the transcripts FIGURE 6 . A gene expression network regulating C3 activation. eQTL mapping was performed by combining microarray expression data with genetic markers in an F 2 (DA 3 PVG) intercross. Strongly connected hub genes in eQTL gene expression networks were searched for using graphical Gaussian models leading to the identification of a network regulated by D8Rat56. The network includes 48 genes, including complement C3. The association between the genes in the network is based on pairwise covariation of expression levels, which is graphically depicted. Cis-regulated genes are marked with red circles and the red arrows link the cis-regulated transcript 10908220, a TF orthologous to FOXK2 (Ensembl gene ID ENSRNOG00000039894), with the transcripts in the cluster originating from genes with a known binding site for this TF, among them BChE (blue ring), which is positioned immediately upstream of C3 (green ring).
within these three gene clusters. This pattern clearly differed from that of C3 regulation, which was not coregulated with any CLECs. Very little is known about any possible involvement of CLECs in the pathogenesis of neurodegenerative/inflammatory diseases. Notably, however, one of the first replicated non-HLA genes to be associated with the risk of multiple sclerosis is CLEC16A (71) . The observation that C1qa and C1qb genes belong to different gene expression networks is interesting, as expression of different C1q subunits has been shown to be synchronized (72) . However, a recent study, also investigating the role of C1q in the CNS in the setting of synaptic physiology, illustrated that the expression of the three separate genes varied following the same stimulation, suggesting that the expression of the different subunits at least in some instances may vary (73) . It can be speculated whether a separately controlled expression may be beneficial in some contexts, for example in case of Abs toward a specific C1q chain (74) , because all three are necessary to form a fully functional C1q molecule (20) . Thus, even though the existing literature indicates mechanisms that synchronize the expression of the different C1q components, our data suggest that this view should be modified, because unbiased gene expression mapping FIGURE 7 . Expression of the FOXK2 ortholog, FoxK2, and BChE in DA and PVG rats after nerve injury. The FOXK2 ortholog, a potential master regulator of the C3 gene network, is upregulated early following injury, with subsequent downregulation to levels below those of naive animals. Expression is significantly lower in DA compared with PVG rats at 3, 7, and 14 d after VRA (A). The BChE gene contains a TF binding site for the FOXK2 ortholog, and expression is generally higher in DA than in PVG rats, with peak expression 7 d after ventral root avulsion, a time point when expression of the FOXK2 ortholog is most depressed in DA (B). The expression of the rat FoxK2 paralog is similar to the human FOXK2 ortholog, with downregulation after injury, but it lacks the initial upregulation as well as differences between the strains (C). BChE immunoreactivity is evident in the cytoplasm of motor neurons (D), but it can also be detected on vWF-positive blood vessels/endothelia (E). The spatial relationship between BChE, vWF, and nuclear DAPI staining is shown in (F) (motor neuron is indicated by a red arrow and blood vessels are indicated with white arrows in (D)-(F)). FoxK2 immunoreactivity is present in axotomized motor neurons (G; white arrowheads). The same section with nuclear DAPI staining, where motor neurons are easily recognized by their larger size, is shown in (H). Scale bars, 40 mm.
clearly suggests that the different genes belong to separate expression networks.
In summary, in this study we dissected strain-dependent differences in expression of complement components in the CNS using a large-scale transcription profiling approach, where we found regulation of C9 and C1q subunits by gene regions containing different members of the CLEC family. We also identify a gene expression network regulated by a new putative transcription factor that includes BChE and C3. The link between BChE and C3 sheds new light on pathways regulating complement expression in the nervous system, and in turn of relevance for neuroinflammatory/degenerative diseases characterized by increased C3 expression. FIGURE 8. C3 expression is increased in microglia and astrocytes following TNF-a stimulation. Primary astrocyte and microglia cultures were established from adult DA and PVG rat brains and stimulated with TNF-a (20 ng/ml), which resulted in highly increased expression of C3 in both microglia (A) and astrocytes (B). In contrast, TNF-a did not have a discernible effect on C1q expression in either microglia (C) or astrocytes (D), supporting the notion of different pathways regulating C3 and C1q expression. A similar result was obtained also in mouse astrocytes, where C3 (E), but not C1q (F), expression was increased upon stimulation with TNF-a. ACh-abrogated TNF-a induced C3 expression in a dose-dependent manner (G).
FIGURE 9.
ACh attenuates TNF-a-induced upregulation of C3 in both astrocytes and microglia. To confirm the observed effect of ACh on TNF-ainduced C3 expression also on protein level, new primary astrocyte and microglia cultures were established from DA rats. C3 protein levels were quantified in supernatants using ELISA demonstrating a dose-dependent attenuation of TNF-a-induced C3 upregulation in both astrocytes (A) and microglia (B). C3 was detected in astrocyte cultures only after stimulation with TNF-a alone or with TNF-a in combination with the weakest ACh concentration (A). RT-PCR was performed on the cultured cells to determine C3 mRNA levels and demonstrated a pattern very similar to that of the protein levels (C, D). FIGURE 10. ACh attenuates C3 expression at low concentrations, when cholinesterase inhibitors are added. TNF-a induces C3 expression in mixed glia cultures. Astrocytes were extracted and the experiments repeated using the same medium and concentration of TNF-a (20 ng/ml), but this time in combination with lower concentrations of Ach (10 mM/10 mM or 1 mM, respectively), together with 0.6 mM cholinesterase inhibitor eserine hemisulfate to increase the stability of ACh. This confirmed the previously identified dose-dependent ACh-mediated attenuation of TNFa-induced C3 expression (A). A mixed glia culture of astrocytes and microglia responded similarly as the individual populations following TNF-a stimulation, with upregulation of C3 (B).
